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The antiferroquadrupolar ordering of PrFe4P12 is explored by probing thermal and thermoelectric
transport. The lattice thermal conductivity drastically increases with the ordering, as a consequence
of a large drop in carrier concentration and a strong electron-phonon coupling. The low level of
carrier density in the ordered state is confirmed by the anomalously large values of the Seebeck and
Nernst coefficients. The results are reminiscent of URu2Si2 and suggest that both belong to the
same class of partial metal-insulator transitions. The magnitude of the Nernst coefficient, larger
than in any other metal, indicates a new route for Ettingshausen cooling at Kelvin temperatures.
PACS numbers: 71.27.+a, 72.15.Jf, 71.30.+h
In Pr intermetallics, the Kondo coupling between f -
electrons and conduction electrons, the core of heavy-
fermion phenomena, presents unique features associated
with the double occupancy of the 4f orbital. In par-
ticular, the filled Skutterudites of the PrTr4Pn12 family
(where Tr stands for Fe, Ru or Os and Pn stands for P, As
or Sb) have become a growing subject of investigation[1].
The diversity of electronic instabilities associated with
this particular structure (including superconducting[2],
insulating[3]and metallic[5]) is intriguing. The extreme
sensitivity of the ground state to small variations suggests
a subtle interplay between the orbital degrees of freedom,
the crystal electric field and the incomplete hybridization
between f electrons and the conduction band[4].
In this context, the case of PrFe4P12 deserves par-
ticular attention. This system is host to a phase tran-
sition at 6.5 K with sharp signatures in all macro-
scopic properties[5, 6, 7]. Contrary to what was initially
assumed[8], it does not correspond to an antiferromag-
netic (AFM) ordering. In the ordered state, no mag-
netic Bragg peak is detected by neutron scattering[9, 11]
and no internal field is seen by muon spin relaxation
measurements[1]. Moreover, nuclear specific heat data
rule out any ordered magnetic moment on the Pr site[6].
All these experiments converge to establish the non-
magnetic nature of this phase transition. An alter-
native order parameter, namely an antiferroquadrupo-
lar(AFQ) one has emerged as the most plausible can-
didate for the ordered state[1]. This scenario would
explain[10] both the field-induced staggered magnetic
moment[11] and the superlattice reflection resolved by
X-ray diffraction[12]. Both of them correspond to the
same wave-vector qA=[1,0,0] which, according to the
band calculations[13], is a possible nesting vector of the
Fermi surface. The AFQ scenario is also compatible with
the magnetization data[6, 14].
In this Letter, we report on a study of thermal and
thermoelectric transport in PrFe4P12, which documents
a decimation of the Fermi surface with the ordering. Ac-
cording to our analysis, most carriers disappear at the
transition, paving the way for an enhanced mean-free-
path of both phonons and the residual quasi-particles.
Thus, the ordered state of PrFe4P12 emerges as a heavy-
fermion semi-metal. Such a radical interplay between
itinerant electrons and the loss of orbital degrees of free-
dom contrasts with typical cases of AFQ ordering, such
as CeB6 or DyB2C2. It is reminiscent of what was
observed in the case of the hidden-order transition in
URu2Si2[15, 16, 17] and provides useful input for the on-
going debate on the identity of hidden order there.
Single crystals of PrFe4P12 were grown by a tin-flux
method described elsewhere[7, 8]. Nernst effect, ther-
mopower and thermal conductivity were measured using
a one-heater-two-thermometer set-up which allowed us
to measure all transport coefficients of the sample in the
same conditions. For temperatures above 1.5 K a set-up
with cernox thermometers in a 4He cryostat was used.
The data were complemented with subkelvin measure-
ments using another set-up with RuO2 thermometers in
a dilution refrigerator. The magnetic field, H was ap-
plied perpendicular to the [applied] heat-current (JQ)
and the [measured] electric-field (E) vectors. For sample
no.1 (which had a residual resistivity of ρ0 = 23µΩcm),
the configuration was H ‖ [1, 1, 0];JQ ‖ Ex ‖ [0, 0, 1]
and Ey ‖ [−1, 1, 0]. For sample no.2 (ρ0 = 32µΩcm), it
was H ‖ [0, 0, 1];JQ ‖ Ex ‖ [1,−1, 0] and Ey ‖ [1, 1, 0].
Hence, Nernst signal (N =
Ey
∇xT
) and Seebeck coefficient
(S = Ex
∇xT
) were measured in adiabatic conditions.
Fig. 1 presents the results of thermal conductivity(κ)
measurements. As seen in the upper panel, the onset
of ordering is marked by a steep increase in κ/T . This
enhancement is diminished by the application of a mag-
netic field which leads to a gradual suppression of the
ordering. The effect of ordering on lattice and electronic
thermal conductivities can be probed by checking the
temperature dependence of the Lorenz number (L=κρ
T
).
The lower panel presents the temperature dependence of
L/L0 (where L0=2.44×10−8 V2/K2). Its magnitude at
TQ (∼ 5 ) quantifies the dominance of the lattice contri-
bution to heat transport. The transition is accompanied
by a drastic enhancement in L/L0 which reaches a peak
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FIG. 1: Temperature dependence of the thermal conductiv-
ity divided by temperature (upper panel) and the normalized
Lorenz number(lower panel) for different magnetic fields in
PrFe4P12. The inset in upper panel shows the temperature
dependence of the phononic and electronic contributions to
thermal conductivity at zero field assuming the validity of
the Wiedemann-Franz law in the whole temperature range.
value of 18 and then decreases to yield unity in the zero-
temperature limit, in agreement with the Wiedemann-
Franz (WF) law. If electrons were the only heat carriers,
then L/L0 < 1 at finite temperatures and its magnitude
would decrease with magnetic ordering. Indeed, the pres-
ence of magnetic fluctuations above TN tends to amplify
the relative weight of large-q scattering and to rectify the
excess in thermal resistivity produced by the presence of
small-q inelastic scattering[18]. The unusual enhance-
ment of L/L0 observed here is reminiscent of (but more
dramatic than) what was observed in URu2Si2[16] and
could be safely attributed to an increase in the lattice
heat transport. We put aside the unlikely hypothesis of
a supplementary heat transport by exotic excitations in
the ordered state. Indeed, in sharp contrast to what is
reported here, heat transport in CeB6 is not affected by
AFQ ordering [19].
The relative weights of electronic, κe and phononic,
κph contributions to heat transport can be estimated as-
suming that κe follows the WF law even at finite tem-
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FIG. 2: Temperature dependence of S, the Seebeck coeffi-
cient(upper panel), and S/T (lower panel) for different mag-
netic fields in PrFe4P12. Solid lines are linear extrapolation
of the data used to extract the T=0 value of S/T as indicated
by the arrows. The inset shows the field dependence of S/T .
peratures. Since κeρ
T
can become as low as 0.4L0[18]
in presence of inelastic scattering, this procedure would
only indicate the qualitative trend. As seen in the inset
of the upper panel, both components of heat transport
are affected by the ordering. While κph/T displays a
steady enhancement of one order of magnitude, κe/T in-
creases significantly after an initial decrease. This can
be understood in a picture similar to the one proposed
for URu2Si2[16]. The opening of a gap at the onset of
ordering destroys most of the Fermi surface. The as-
sociated drop in the density of itinerant electrons leads
to a decrease in the phonon scattering and an enhance-
ment of the lattice thermal conductivity. The behavior
of κe/T reflects the combination of a decrease, induced
by the drop in the carrier number, and an increase due
to the rise in the mean-free-path of the surviving quasi-
particles as a consequence of the restricted phase space
in the ordered state. Thus, the analysis of thermal con-
ductivity underlines the strength of the electron-phonon
coupling in PrFe4P12 and points to a large decrease in the
carrier density with ordering. Fig. 2 presents the data
on the Seebeck coefficient. In agreement with the earli-
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FIG. 3: Upper panel: Temperature dependence of the Nernst
coefficient, ν = N/H for two different samples at 0.5 T. The
inset shows the temperature dependence of N for sample no.
1 at 4 T. Lower panel: The field dependence of the Nernst
signal divided by temperature, N/T , for different magnetic
fields in sample 2.
est study[5], the absolute value of thermopower, S, was
found to increase in the ordered state and attain a large
peak (-113 µV/K). By continuing the zero-field measure-
ments down to 0.18 K, a shoulder-like feature around 1 K
in S(T ) is also resolved. The application of the magnetic
field leads to a gradual suppression of the enhancement
in S. The lower panel, which presents the same data as
S/T vs. temperature, reveals a non-monotonous S/T at
zero field which extrapolates to −56 ± 8µV/K2 at zero
temperature. Its absolute value is comparable to the
largest S/T ever reported (+50µV/K2 in CeNiSn[20]).
In many correlated metals, the absolute value of the di-
mensionless ratio q = S
T
NAve
γ
(γ is the electronic spe-
cific heat, e the elementary charge and NAv the Avo-
gadro number) is of the order of unity[21]. Miyake and
Kohno have argued that, in the zero-temperature limit,
for both Born and unitary limits of scattering, S/T be-
comes inversely proportional to the renormalized Fermi
Energy and this leads to the observed correlation[22].
Let us recall that when the carrier density is much lower
than one itinerant electron per formula unit, a propor-
tionally larger |q| is expected[21]. For example, in the
case of CeNiSn, q ≃ 107 is compatible with the very
low level of carrier density (< 0.01e−/f.u.) in this heavy-
fermion semi-metal. The relative magnitudes of S/T and
γ is compatible with the low level of carrier density in
the ordered state of PrFe4P12. At zero-field, S/T and
γ ≃0.1 J/(K2mol)[6] yield q ≃ −58 ± 10. At B = 5.5
T, by linearly extrapolating the low-temperature data to
T=0, one obtains S/T ≃ +8 ± 2µV/K2, and this to-
gether with γ (estimated to be ≃1.3 J/(K2mol) for this
orientation[23]), yield q ≃ 0.6 ± 0.2. This simple argu-
ment indicates that the high-field state is an ordinary
HF metal, and the ordered state is a dilute (with ∼0.02
carriers per f.u.) liquid of heavy quasi-particles, i.e. a
heavy-fermion semi-metal.
Fig. 3 displays the temperature dependence of the
Nernst coefficient, ν, which becomes very large in the
ordered state, in particular below Tx ∼ 2.8 K and
reaches a maximum, νmax, around T ∼ 1.5 K, which
is 51 ± 3µV/KT in sample 1 and 38 ± 2µV/KT in sam-
ple 2. Since ν1max/ν
2
max ∼ ρ20/ρ10 ∼ 1.3, νmax appears to
inversely scale with ρ0. These numbers are one order of
magnitude larger than what was found in URu2Si2[15] or
in CeCoIn5[24], which are host to Nernst coefficients of
exceptionally large magnitudes. The lower panel of the
same figure presents the field dependence of the Nernst
signal and shows that the destruction of the order by
the magnetic field leads to the suppression of N down to
negligibly low values. The giant Nernst signal is indeed
a property of the ordered state of PrFe4P12.
How can quasi-particles of a non-magnetic metal pro-
duce a Nernst signal of such a magnitude? This ques-
tion brings us to the following relation in the Boltzmann
picture[15, 25, 26]:
N =
π2
3
k2BT
e
∂tanθH
∂ǫ
|ǫF (1)
In other words, the Nernst signal tracks the energy de-
pendence of the tangent of the Hall angle (tan θH =
ρxy
ρxx
)
at the Fermi level. Since in a first approximation, this
energy derivative is just proportional to tan θH
ǫF
, a com-
bination of a large Hall angle and a small Fermi energy
can lead to a very large Nernst signal. Comparing the
temperature dependence of N/T and tan θH in Fig. 4
reveals the relevance of this picture to PrFe4P12. The
two quantities display a striking correlation. Ordering
is associated with a jump in tan θH which increases by
two orders of magnitude and a (much smaller) increase in
N/T . Another distinct increase in both quantities is also
visible at Tx ∼ 2.8 K. The unprecedented magnitude of
the Nernst coefficient in the ordered state of PrFe4P12 is
thus concomitant with a large value of tan θH . Quantita-
tively, according to the approximation derived from eq.
1, the low-temperature magnitudes of N/T and tan θH
yield ǫF ∼7 K, comparable to the width of the Kondo
resonance (8.7 K) estimated by specific heat[6].
The phase transition in PrFe4P12 is a case of par-
tial or aborted metal-insulator transition (MIT), where
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FIG. 4: Comparison of the temperature dependence of the
Nernst signal divided by temperature and the tangent of the
Hall angle for a field along < 110 >. The two vertical dot lines
mark the two temperature scales, TQ and Tx. The inset shows
the phase diagram for the same field orientation. The bound-
ary of the ordered state determined by magnetization([1]) and
thermal conductivity (△) is shown. A second line is detected
by additional anomalies in Seebeck(◦) and Nernst () coeffi-
cients.
the Fermi surface(FS) is not completely wiped out[27].
Band calculations[13]have found that the main FS is a
distorted cube with a strong nesting instability. Exper-
imentally, de Haas van Alphen measuements[7] detected
in the ordered state (i.e. for H < 5T ) a low-frequency
branch corresponding to a FS occupying only 0.15 of the
first Brillouin zone. This would yield a carrier density
of 0.003 holes/f.u. which is compatible with the magni-
tude of the Hall coefficient at low temperatures (yielding
0.005 holes/f.u.), but significantly lower than the carrier
density (0.02 e−/f.u.) estimated from the magnitude of
q. This discrepancy points to the presence of other unde-
tected pockets of FS in the ordered state as initially sug-
gested by the contrast between the large value of γ and
the modest mass enhancement of the only FS detected
by dHvA[7]. The unobserved electron-like quasi-particles
should be heavier with a shorter mean-free-path. These
two assumptions are sufficient to explain why they have
escaped detection by dHvA and why they dominate spe-
cific heat and thermopower but contribute little to the
Hall effect. Assuming that the latter is entirely due to
a single FS, one may write : tan θH =
1
ℓ2B
ℓe
kF
(where kF
and ℓe are respectively the Fermi wave-vector and the
electronic mean-free-path and ℓB =
√
e
~B
is the mag-
netic length scale). The enhancement of tan θH at TQ
reflects combined effect of the shrinking of the Fermi
surface and the increase in the mean-free-path. Tak-
ing for kF the average radius of the single FS seen by
dHvA measurements[7], the magnitude of tan θH at low
temperatures implies ℓe ∼ 4000A˚, compatible with the
relatively easy observation of quantum oscillations at 3
T[7]. Very recently, a complete MIT induced by pres-
sure was observed in PrFe4P12[28]. Remarkably, both
the pressure-induced insulator and the ambient pressure
AFQ are destroyed in presence of a magnetic field of
comparable magnitude. However, X-ray diffraction mea-
surements under pressure[29] resolve a superlattice reflec-
tion present in the AFQ state and none in the pressure-
induced insulator pointing to a different mechanism for
the two transitions.
Both N/T and tan θH show a steep increase below
Tx(∼ 2.8 K). This temperature is marked by a minimum
in S/T (see Fig. 2), a broad shoulder-like feature in spe-
cific heat[6, 30] and a minimum in bulk magnetization[6]
close to this temperature. This energy scale was observed
for both field orientations studied here and does not vary
much with the magnetic field (see the inset in Fig.4). It
is too early to identify it as another phase transition in
the ordered state since the feature in specific heat is just
a broad shoulder.
A number of implications emerge. The consequences
of ordering on transport properties in PrFe4P12 and in
URu2Si2 are similar. In both cases, the transition leads
to a drastic, yet incomplete, destruction of the FS[31].
Moreover, according to our analysis, the exceptional
magnitude of the Nernst coefficient is just a consequence
of three independent factors: a low carrier density, a large
mass enhancement and a long mean-free-path. Experi-
ments on heavy-fermion semi-metals would tell if these
are the only ingredients needed to produce a Nernst sig-
nal of such a magnitude, or there is any additional source
specific to the exotic orders. An Ettingshausen cooler[32]
is conceivable when the thermomagnetic figure of merit
(Z ′T = N
2
L
) is close to unity. For a metal, this require-
ment means N ≈ √L0 = 153µV/K. To the best of our
knowledge, PrFe4P12 is the first case of a metal approach-
ing this value at 1 K.
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